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The expression of zebrafish hoxb3a and hoxb4a has been found to be mediated through five transcripts, hoxb3a transcripts I–III and hoxb4a
transcripts I–II, driven by four promoters. A ‘master’ promoter, located about 2 kb downstream of hoxb5a, controls transcription of a pre-mRNA
comprising exon sequences of both genes. This unique gene structure is proposed to provide a novel mechanism to ensure overlapping, tissue-
specific expression of both genes in the posterior hindbrain and spinal cord. Transgenic approaches were used to analyze the functions of zebrafish
hoxb3a/hoxb4a promoters and enhancer sequences containing regions of homology that were previously identified by comparative genomics. Two
neural enhancers were shown to establish specific anterior expression borders within the hindbrain and mediate expression in defined neuronal
populations derived from hindbrain rhombomeres (r) 5 to 8, suggesting a late role of the genes in neuronal cell lineage specification. Species
comparison showed that the zebrafish hoxb3a r5 and r6 enhancer corresponded to a sequence within the mouse HoxA cluster controlling activity
of Hoxa3 in r5 and r6, whereas a homologous region within the HoxB cluster activated Hoxb3 expression but limited to r5. We conclude that the
similarity of hoxb3a/Hoxa3 regulatory mechanisms reflect the shared descent of both genes from a single ancestral paralog group 3 gene.
© 2006 Elsevier Inc. All rights reserved.Keywords: Hox; Transcription; cis-regulation; Exon sharing; Conserved non-coding sequences; Genome; Transient transgenics; Enhancer detection; Hindbrain;
Micro-RNA; miR-10bIntroduction
Hox genes encode a family of evolutionarily conserved
transcription factors with important functions in axis specifica-
tion and patterning of the central nervous system. The vertebrate
Hox genes consist of 13 paralog groups, which are arranged in
clusters on different chromosomes. In tetrapods, 39 genes are
found in 4 clusters (A–D), whereas teleosts have more than 4
clusters as a consequence of a whole genome duplication event
early in their lineage (reviewed by Hurley et al., 2005; Jaillon et
al., 2005). The zebrafish has a total of 48 Hox genes, with some⁎ Corresponding author.
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doi:10.1016/j.ydbio.2006.04.446duplicate genes retained, but the majority of genes present as
singletons (Amores et al., 1998). Hox expression patterns are
co-linear, with the location of a given gene within the cluster
reflecting its expression domain and phase along the AP axis of
the embryo (Lewis, 1989). Thus, more 3′ located genes are
expressed both more anteriorly and earlier than more 5′ located
genes.
The axial Hox code also correlates with hindbrain
regionalization (for reviews, see Lumsden and Krumlauf,
1996; Moens and Prince, 2002). Shortly after the neural
tube has formed, the region that gives rise to the hindbrain
becomes subdivided into seven or eight segments along its
AP axis. These rhombomeres (r) represent domains of
defined gene expression and neuronal cell types. For
example, Hox3 paralog genes are expressed in r5, r6, and
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posterior (Prince et al., 1998; Whiting et al., 1991). The role
of specific individual Hox genes in rhombomere specifica-
tion has been investigated in some detail (Bell et al., 1999;
Cooper et al., 2003; Kiecker and Lumsden, 2005; McClin-
tock et al., 2002). Further, the combinatorial function of
entire paralog groups of Hox genes has been investigated
(Gaufo et al., 2003; McNulty et al., 2005). Recently, several
studies have shown that vertebrate Hox genes function in
the specification of defined neuronal populations within the
hindbrain and spinal cord, indicating a role of the genes in
neuronal cell lineage specification (Briscoe and Wilkinson,
2004; Dasen et al., 2005; Gaufo et al., 2003; McNulty et
al., 2005; Tarchini et al., 2005). For example, a combination
of Hox3 paralogous genes serves to specify the motoneuron
population of r5 and r6 (Gaufo et al., 2003; Guidato et al.,
2003). In the mouse, the identity of noradrenergic sensory
neurons is controlled by a distinct combination of Hox
genes throughout r3–r5. These neurons require Hoxa2
activity in r3, Hoxb1 activity in r4, and the combinatorial
function of Hoxa3/Hoxb3 in r5 (Gaufo et al., 2004). Hox
genes are also found to be expressed in the adult brain
(Cillo et al., 2001; Greer and Capecchi, 2002; Oberdick et
al., 1998; Sarno et al., 2005) and have been reported to
control the establishment of neuronal circuits in the brain
stem (del Toro et al., 2001).
The regulation of Hox gene expression and function is highly
complex and in details still poorly understood. Auto/cross-
regulation as well as enhancer sharing and post-transcriptional
splice mechanisms have been described (Brend et al., 2003;
Gavalas et al., 2003; Manzanares et al., 2001; Sharpe et al.,
1998; Tarchini et al., 2005). It has also been shown that
chromatin remodeling has an important role in the precise
activation and co-linear expression of these genes (Chambeyron
and Bickmore, 2004; Chambeyron et al., 2005; Kmita and
Duboule, 2003). Hox gene regulation is further controlled by
global control regions (GCR) outside of the cluster, where
several cis-regulatory elements act on a set of Hox genes in
defined cell types (Spitz et al., 2003, 2005). GCRs as well as
local enhancers are evolutionarily conserved and can be
identified by homology searches in distantly related species.
Large genomic sequences around the genes(s) of interest can be
aligned using bioinformatic tools such as VISTA or PIP-
MAKER (Frazer et al., 2004; Schwartz et al., 2000; Wasserman
and Sandelin, 2004). This approach, termed phylogenetic
footprinting, allows the detection of regions of conservation
within non-coding sequences (Bejerano et al., 2004; Boffelli et
al., 2003; Frazer et al., 2003; Lenhard et al., 2003; Santini et al.,
2003). Blocks of conserved non-coding regions (CNRs) are also
termed CNEs (E for elements), CNSs (S for sequences), or
CNGs (NG for non-genic). Conserved non-coding sequences
display relatively low rates of sequence evolution compared to
surrounding neutrally evolving genomic regions (Dermitzakis
et al., 2005). Conservation of non-coding sequences suggests
selective pressure and therefore function, for instance as
enhancers, silencers, promoters, or regulatory micro-RNAs in
the context of the surrounding genes (de la Calle-Mustienes etal., 2005; Frazer et al., 2004; Hardison, 2000; Müller et al.,
2002; Nobrega et al., 2003; Tanzer et al., 2005), a fact that can
be tested in transient reporter gene studies (de la Calle-
Mustienes et al., 2005; Dickmeis et al., 2004; Müller et al.,
1999; Woolfe et al., 2005).
A phylogenetic footprint and structural analysis of the
hoxb3a/hoxb4a cluster sequence was performed previously to
detect conserved sequences that may function to control hoxb3a
and hoxb4a expression in the developing hindbrain (Hadrys et
al., 2004). By aligning Hox cluster sequences of zebrafish,
pufferfish, mouse, and human, we detected 22 blocks of
conserved non-coding regions downstream of Hoxb5. Some of
these CNRs corresponded to enhancers previously described in
the mouse. Because neither hoxb3a nor hoxb4a has a duplicate
within the zebrafish genome, there is no sub-functionalization
that may complicate the comparative interpretation of enhancer/
promoter studies.
Here we describe the genomic loci of the zebrafish hoxb3a
and hoxb4a genes, the transcripts generated from them, and
sharing of exon and promoter sequences between them.
Enhancers and promoters were functionally identified by testing
the regulatory potential of conserved non-coding sequences
through transient EGFP reporter gene expression. Hoxb4a
regulation was further studied using an enhancer trap insertion
just downstream of hoxb4a. The results presented here
complement known features of Hoxb3 and Hoxb4 regulation
from mouse and chick and thus reveal evolutionarily conserved
mechanisms, but also uncover important new aspects of the
transcriptional and post-transcriptional regulation of both genes
in zebrafish, including the differential use of several promoters
and the resulting expression of different proteins. A newly
identified master promoter might control the synthesis of a
transcript containing all exons of hoxb3a/hoxb4a and may also
control expression of the micro-RNA miR-10b (Tanzer and
Stadler, 2004; Wienholds et al., 2005), which is located within
the nested gene structures, about 8 kb downstream of hoxb3a/
hoxb4a exon 1 and 1.8 kb upstream of hoxb4a exon 2, and is
expressed in the domain of promoter activity. Our data further
suggest that hoxb3a and hoxb4a have roles in defined neuronal
cell lineages within hindbrain rhombomeres 5 through 7 and 8.
Materials and methods
Maintenance of zebrafish
Zebrafish were kept in a 14-h light/10-h dark cycle at 28.4°C and were fed
with commercial flake food and brine shrimp. Single pairs were mated for
embryo production. Fertilized embryos were collected at specific stages for
injections and/or in situ hybridization.
Screening of zebrafish EST databases
BLAST searches of zebrafish EST databases available from the zebrafish
genome project were performed using hoxb3a exon 1 sequences for
alignments. Two previously not assigned sequences were found to
correspond to a new type of hoxb4a transcript (database entries ZF-101-
P00023_DEPE-F_MO9 (EST traces) and CK680990). These sequences were
assembled and this hoxb4a transcript (type II; Fig. 1A) has been deposited
in the Third Party Annotation section of DDBJ/EMBL/GenBank databases
under the accession number TPA: BK005804.
Fig. 1. (A) The positions of the six exons of the hoxb3a gene (light blue boxes) and the three exons of the hoxb4a gene (orange boxes) within the hoxba cluster are
illustrated. The first exon is shared between the hoxb3a and hoxb4a genes (light blue/orange box). Hoxb3a transcript I (1646 bp; exons 4–6), transcript II (1728 bp;
exons 1, 2, 3, 5, and 6), and transcript III (exons 2, 3, 5, 6) code for the same protein. In contrast, the shorter of the two hoxb4a transcripts (II; exons 1 and 3) gives rise
to an N-terminal truncated protein. The positions of experimentally verified promoters of hoxb3a and hoxb4a are indicated. (B) Schematic showing from which regions
of the cluster sequence the primer pairs were chosen to detect the exon composition of hoxb3a transcripts I and II and hoxb4a transcript II. (C) RT-PCR analyses of
hoxb3a and hoxb4a transcripts. PCR results for primer combinations L1 with R2 (hoxb3a transcript II) and L4 with R2 (hoxb3a transcript I) were shown previously
(Hadrys et al., 2004). With primer set L5/R3 hoxb3a transcript I sequences corresponding to exons 4–6 were amplified from cDNA preparation. cDNA fragments of
transcript II were amplified with primers L6/R3 (exons 2, 3, 5, and 6) and L7/R3 (exons 3, 5, and 6). No PCR products were obtained when using exon 1, exon 2, or
exon 3 forward primers (L1, L6, and L7) and an exon 4 reverse primer (R4), indicating that transcripts of these exon compositions, at least in developmental stages
12 hpf, 24 and 33 hpf, do not exist. Hoxb4a transcript II sequences (containing exons 1 and 3, but not exon 2) were amplified using the primers L1/R5, L2/R5, L1/R6,
and L2/R6.
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Total RNA was isolated from 24 and 33 hpf embryos using the
Promega SV RNA Isolation system according to the manufacturer'sinstructions. RT-PCR analyses were performed under standard PCR
conditions of 35 cycles and annealing at 52°C as previously described
(Hadrys et al., 2004) using primers derived from different exons of hoxb3a
and hoxb4a (Fig. 1B, Table 1).
Table 1
Primer pairs used in PCR amplifications of the different hoxb3a and hoxb4a
transcripts
Primer Exons/gene Product size (bp) Transcript
L4/R2 4, 5, 6/b3a 1572 b3a-I
L1/R2 1, 2, 3, 5, 6/b3a 1685 b3a-II
L5/R3 4, 5, 6/b3a 1384 b3a-I
L6/R3 2, 3, 5, 6/b3a 1523 b3a-II/III
L7/R3 3, 5, 6/b3a 1390 b3a-II/III
L6/R4 2, (3), 4/b3a – –
L7/R4 3, 4/b3a – –
L1/R5 1, 3/b4a 190 b4a-II
L2/R5 1, 3/b4a 146 b4a-II
L1/R6 1, 3/b4a 225 b4a-II
L2/R6 1, 3/b4a 181 b4a-II
Resulting product sizes of gene transcripts are described.
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(b3a/b4a, exon 1): 5′AAAGCGGAAATATGGATACTGAAC 3′; L4 (b3a, exon
4): 5′ CCTCGCATACCTCAGATCTTTC 3′; L5 (b3a, exon 4): 5′ GAGA-
TACCCGGTGTTTGACGC 3′; L6 (b3a, exon 2): 5′ CATCTTCTATTCAC-
CAAGTCATGC 3′; L7 (b3a, exon 3): 5′ CGTTATCAAGAAGCTGTATCCTTG
3′; R2 (b3a, exon 6): 5′ GATTCTACCCTGAGAAGGATGGT 3′; R3 (b3a, exon
6): 5′ ATCTGTGTGGCACCGTTGTAG 3′; R4 (b3a, exon 4): 5′ TGACGAGA-
GATGCGCGGGCAGGC 3′; R5 (b4a, exon 3): 5′ GGGTCAGATAGCGGTTG-
TAATGGA 3′; R6 (b4a, exon 3): 5′ GCATAGTGTATGGGCGATTTCCAC 3′.
Mapping of enhancer detection line CLGY838
Genomic sequence flanking the proviral insertion was isolated using linker-
mediated PCR as described (Ellingsen et al., 2005). The sequence flanking the 3′
long terminal repeat TTAGCACTGCTAAGTACTATTTGAATTACCT-
CAATTGTATTTTCTGTCTTGTTTTATGAAGTGATACGTTTTA was used
to search, with BLASTN, the zebrafish genome sequence at www.ensembl.org.
Computational analyses of promoter regions
Potential core promoters and transcription start sites within the functionally
verified promoter regions and CNRs were predicted using the Neural Network
Promoter Prediction software (www.fruitfly.org/seq_tools/promoter.html;
Reese, 2001). Potential transcription factor binding motifs were identified by
using the MatInspector software (Genomatix; Cartharius et al., 2005).
Gal4-UAS-EGFP vector
Based on the reporter gene vector EGFP-N1 (Clontech), a construct was
generated for the use in transient expression studies in zebrafish. The CMV
cassette was excised with AseI and NheI restriction enzymes and replaced by a
multiple cloning site containing restriction sites for 8 base pair cutting restriction
endonucleases (AscI, SgrAI, SgfI) to be able to easily switch large genomic
fragments amplified with corresponding restriction site overhangs. A cassette
containing Gal4-VP16-pA (PolyA) and a 14 × UAS (upstream activating
sequence) in front of the e1b basal promoter was PCR amplified with NheI
and ApaI restriction site overhangs using the act-GVP-UG plasmid construct
as template (a kind gift of R. Köster, GSF, Munich; Köster and Fraser,
2001). A Kozak sequence for optimizing the Gal4 translation (GCCAC-
CATG) was introduced via the primer sequence. The following primers were
designed. Forward: GCCACCATGAAGCTACTGTCTTCTATC; Reverse:
AATTCGTGTGGAGGAGCTCA.
Amplification of genomic fragments
Genomic fragments comprising different CNRs and surrounding regions (see
Fig. 2) were PCR amplified from two previously isolated Bac clones carrying
zebrafish hoxba cluster sequences (Hadrys et al., 2004) using the Pfx Accu PrimeTaq Polymerase (Invitrogen). The mouse r5 enhancer fragment (mouse CNR15;
Hadrys et al., 2004) was amplified from genomic DNA. Primers with appropriate
overhangs were designed to allow the insertion of these fragments into the
multiple cloning site (MCS) of the Gal4-UAS-EGFP plasmid described above.
Fragments larger than 4 kb were amplified using Long Template Taq Polymerase
(Takara). Applied PCR conditions varied according to the Polymerase,
nucleotides, primers, and expected fragments length (see manufacturers
protocols). PCR products were purified (Qiaex, Qiagen) and subcloned into
pGEM-T Easy (Promega) or XL-Topo Vector systems (Invitrogen).
Primers used for genomic PCR were selected based on zebrafish hoxba
(GenBank accession number AL645782) and mouse Hoxb cluster sequences
(AC011194) and the previously determined position of CNRs within theses
sequences (Hadrys et al., 2004). The following primers were synthesized with
the appropriate restriction enzyme overhangs: CNR1 (21988–23022 bp):
Forward: TGGGCAGAATAAACGGCAATGTGGAA, Reverse: CTC-
CTTTCCTGCCCACATCTTCCCAGA; hoxb3a transcript I promoter
(53820–54828): Forward: GGTGTTTGGCTTAAGGAGAGAG, Reverse:
TACGCCCTGCTCGCAGATAACAATG; hoxb3a transcript I promoter in-
cluding CNR15 (52983–54828bp): Forward: CACACGGCATTGACACT-
GAAGAAG, Reverse: TACGCCCTGCTCGCAGATAACAATG; hoxb3a
transcript I promoter including CNR15 and exon 4/CNR16 (52983–55373
bp): Forward: CACACGGCATTGACACTGAAGAAG, Reverse: GCT-
TTCATCCCGAAGCACATATAA; CNR14 (48301–48999 bp): Forward:
CCCCTTGTAACATAGGACGAATAC, Reverse: TTCACAAATTAGA-
CAACTGACCAGA; hoxb4a transcript I promoter including CNR7 (32721–
33704 bp): Forward: GTTTGGTGCACGAACGAAAGT, Reverse:
TAATTTCTTTGAATTGCACACAAAAT; CNR10–11 (35847–38170 bp)
2.32 kb: Forward: TGTCAAGAAGCCTTTTGTAACTCCT, Reverse:
TTCTTGTGGCATGACTTGGTGA; CNR11 (37657–38322): Forward:
TGCAGTGGTATGGATGTTTAGCA, Reverse: CAACTGCGAGAAGGCCA-
TAAAAT; CNR15 mouse (18504–19320 bp): Forward: ACCCCTAAAGAA-
GAGCCTTGAG, Reverse: GGTTTTACCAGAGCTCCAGACA.
Reporter constructs
Potential promoter sequences amplified with corresponding primer over-
hangs were inserted into the MCS of the Gal4VP16/UAS/EGFP reporter gene
construct described above choosing SgfI and NheI restriction sites. Fragments to
be tested as enhancer elements were subsequently cloned into either AscI/SgrAI
or AscI/NheI restriction sites of the generated promoter constructs. Successful
cloning was assessed by sequencing. All constructs were linearized for
injection, as this generally resulted in broader EGFP expression. For each
reporter gene construct, more than 300 (up to 1000) embryos were injected.
Depending on the construct and amount of injected DNA, the percentage of
EGFP expressing embryos varied from 40% to 70%. The percentage of
embryos displaying EGFP expression in the central nervous system (CNS) was
calculated relative to the total number of EGFP-positive specimens in order to
eliminate experimental variations.
Injections
One cell stage fertilized embryos were dechorionated by pronase digestion
and were injected with 1.9–2.5 pg linearized plasmid DNA using a Femtojet
pressure injector (Eppendorf). Injected embryos were incubated in 30%
Danieau's solution with 1% penicillin/streptomycin. To slow down embryonic
development, we kept embryos at 24°C for the first 24 h and after 24 h at 28.4°C.
PTU was added to a final concentration of 0.003% at the end of the day of
injection.
Whole mount in situ hybridization
Embryos were obtained from our breeding colony, raised at 28.4°C in
system water containing 0.003% phenylthiourea (PTU) to prevent melanization.
Larvae were staged according to Kimmel et al. (1995), fixed in 4%
paraformaldehyde, and prepared for whole mount in situ hybridization as
described in Oxtoby and Jowett (1993). Plasmids for generating single-stranded,
digoxigenin UTP-labeled RNA probes of hoxb3a and hoxb4a were prepared as
Fig. 2. Illustration of PCR-amplified genomic fragments and expression vector design. (A) Locations of conserved non-coding sequences within the hoxb3a/hoxb4a
cluster are indicated in turquoise, hoxb4a exons are in orange, and hoxb3a exons in light blue. The first exon is shared between hoxb3a and hoxb4a. Promoters (P) of
hoxb3a and hoxb4a are indicated through arrows. Amplified sequences including different CNRs are illustrated below the schematic drawing. The retroviral insertion
of zebrafish line CLGY838 and location of micro-RNA miR-10b are also indicated. (B) Fragments that were cloned in the Gal4VP16/UAS/E1b/EGFP expression
vector and designation of the constructs.
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specific for hoxb3a transcripts, exon 4 sequences (transcript I) and exons 1–3
sequence (transcript II) were subcloned. In situ stained embryos were embedded
in a gelatin/albumen mixture hardened by adding one-tenth of 25%
glutaraldehyde. Sections of 30 μm were cut on a vibratome.Immunohistochemistry
Embryos were fixed overnight in 4% PFA/PBS at 4°C and immunostained
according to the following steps: 4 × PBST (PBS, 0.1% Tween-20), 10 ng/ul
proteinase K in PBST for stages older than 32 h, 4% PFA/PBS for 20 min, 4×
PBST. Blocking: 1 h at RT in PBST/2% goat Serum/2 mg/ml BSA/0.1% Triton.
Primary antibody incubation: overnight at 4°C with anti-GFP (Molecular
probes, rabbit IgG fraction, 2 mg/ml, A11122) in a 1:400 dilution. Post-antibody
washes: 5 × 30 min PBSDT (PBST, 1% DMSO, 0.1% Triton). Re-blocking: 1 h
at RT in PBSDT/1% goat serum. Secondary antibody incubation: overnight at
4°C [Molecular Probes, goat anti-rabbit IgG (H + L) horseradish peroxidase
conjugate, G21234, solved in PBS to 2 mg/ml] in a 1:400 dilution. Post-
antibody washes were performed in PBSDT. Color detection: 3 × 15 min PBS,
20 min 0.5 mg/ml diaminobenzidine in PBS at 4°C, reaction start with 100 μl of
0.035% H2O2/ml staining solution. Embryos were cleared in an ascending series
of glycerol (30%, 50%, and 70% in PBS) for photography.
Immunostaining of cryosections: 30-μm sections were cut from zebrafish
larvae that were fixed and embedded in agarose according to standard
procedures (Westerfield, 1995). Washes, blocking steps, and antibody
incubation were performed as described above for whole embryos, with the
following modifications: secondary antibody was applied for 2 h at room
temperature. Sections were stained in DAB/H2O2 solution, washed in PBS,
dehydrated, and mounted in Permount embedding medium.Fluorescence microscopy
Injected embryos were screened and observed using a Stemi SV6
fluorescence microscope (Zeiss). Photographs were taken with an attached
Coolpix 4500 camera (Nikon). Alternatively, photographs were taken with a
Confocal Laser Scanning microscope (Leica) or an Axiophot upright
microscope (Zeiss). Embryos were anaesthetized in MS222 and embedded in
1.2% low melting agarose to keep them in a fixed position.
Results
Two hoxb3a transcripts were identified by RT-PCR
We previously found by comparative genomic analysis that
the zebrafish hoxb3a gene has six exons, with the first exon
located far upstream of the hoxb4a gene. Two different hoxb3a
transcripts had been identified in developing zebrafish embryos
at 12, 24, and 33 h post-fertilization (hpf) (Hadrys et al., 2004).
Through RT-PCR analyses, we tested whether the six exons of
hoxb3a give rise to transcripts with other exon compositions.
Hoxb3a transcript I sequences corresponding to exons 4, 5, and
6 were amplified using primer sets L4/R2 and L5/R3, whereas
cDNA fragments of transcript II were amplified with primers
L1/R2 (exons 1, 2, 3, 5, 6), L6/R3 (exons 2, 3, 5, 6), and L7/R3
(exons 3, 5, 6; see Table 1). No PCR products were obtained
when using exon 1, exon 2, or exon 3 forward primers (L1, L6,
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indicating that transcripts of these exon compositions, at least in
the three developmental stages tested, likely do not exist and
that exon 4 is exclusively part of transcript I (Table 1, Fig. 1). A
third hoxb3a transcript (transcript III, Fig. 1A) that was
confirmed in functional studies (see below) cannot be
distinguished from transcript II by RT-PCR because both
messages comprise exons 2, 3, 5, and 6 (Fig. 1A, Table 1).
Hoxb3a exon 1 is shared with hoxb4a and is part of hoxb4a
transcript II
We identified another transcript containing hoxb3a exon 1
sequences by screening EST databases at NCBI using the
blast server. Two overlapping EST sequences (ZF-101-
P00023_DEPE-F_MO9; CK680990) were identified that
correspond to a chimeric transcript consisting of exon 1 of
hoxb3a and the homeobox-containing exon of hoxb4a (previ-
ously identified as hoxb4a exon 2; Amores et al., 1998). Thus,
the hoxb4a gene gives rise to two different transcripts and
comprises a total of 3 exons, where the first exon is shared
between hoxb4a and hoxb3a (Fig. 1A). The occurrence of this
second hoxb4a transcript was verified by RT-PCR at three
different embryonic stages (Fig. 1C). Hoxb4a transcript II
sequences (containing exons 1 and 3 sequences, but not exon 2)
were amplified from cDNA preparations of 12, 24, and 33 hpf
embryos using the primers L1/R5, L2/R5, L1/R6, and L2/R6
(Table 1, Fig. 1B).
Transcription of hoxb4a and hoxb3a is controlled by
alternative promoters
Given that exon 1 represents the start sequence of both
hoxb3a and hoxb4a transcripts II and that the 5′ adjacent non-
coding sequence is evolutionarily conserved (CNR1; Hadrys
et al., 2004), we supposed that both transcripts could be
initiated from the same promoter as a common transcription
unit (Fig. 1). A 1-kb genomic fragment including CNR1 was
functionally tested using a transient Gal4VP16/UAS/EGFP
expression system. In this system, a specific promoter initiates
the synthesis of the transcriptional activator Gal4VP16
(Köster and Fraser, 2001). Gal4 protein binds to UAS
effector sequences, provided 14 times in the construct,
which act on the E1b basal promoter (Scheer and Campos-
Ortega, 1999) to activate EGFP transcription. Injections of the
reporter gene construct (construct IV; Fig. 2) resulted in EGFP
expression within spinal cord neurons and in single cells of
mesodermal origin within the trunk (Fig. 3A). EGFP label
within the spinal cord was observed in about 10% of the
EGFP expressing embryos in up to 4 neurons per embryo
(Table 3). Our results suggest that CNR1 includes a promoter
sequence, designated as hoxb3a/hoxb4a P2 that should
initiate transcription of a pre-mRNA including, in the
following order, exon 1 for both genes, hoxb4a exons 2
and 3 and further hoxb3a exons 2, 3, 4, 5, and 6 (Fig. 1).
However, it was not possible to confirm the existence of this
assumed transcription unit by RT-PCR, most likely becauseof its length or the fast processing and instability of pre-
mRNA. The construct design, including the E1b basal
promoter 5′ of the EGFP coding sequence, raised the
possibility that the tested fragment might act directly on the
downstream E1b basal promoter to activate EGFP rather than
acting indirectly through the Hox promoter and GAL4. To
confirm that this was not the case, we removed the
Gal4VP16/UAS/E1b cassette from construct IV (CNR1;
hoxb3a/hoxb4a P2). As expected, spatial control of expres-
sion was maintained but amplification was lost, such that the
total number of expressing embryos was significantly
reduced, and fluorescence was at lower levels (axonal
projections were never detected) and in fewer labeled neurons
(Table 3, Figs. 3E and F).
The exon composition of the other hoxb3a and hoxb4a
transcripts, as well as the location of regions of homology
immediately 5′ to the transcription start sites (Fig. 2),
suggested the presence of additional promoters for these
genes. A 1-kb sequence upstream of hoxb3a exon 4 was tested
for activation of Gal4 transcription in the reporter gene
construct (IId3b; Fig. 2). This construct drove EGFP
expression in a few mesodermal and epithelial cells and in
single neurons within the developing embryo starting at 15 hpf.
Expression within the central nervous system was observed in
about 24% of the EGFP expressing embryos, which had a
single neuronal cell labeled in the brain or spinal cord, and no
anterior expression boundary was observed (Table 3, Fig. 3B).
Expression in single neurons was detectable until 12 days post-
fertilization (dpf).
The promoter for hoxb4a transcript I was predicted directly
upstream of exon 2 within an evolutionary conserved
sequence (CNR7; Fig. 2; Hadrys et al., 2004). This genomic
region is equivalent to the Hoxb4 promoter identified in
mouse, where only two exons (corresponding to exons 2 and
3 of zebrafish hoxb4a) and one transcript have been identified
to date (Gould et al., 1997; Whiting et al., 1991; Yau et al.,
2002). A 1-kb fragment upstream of hoxb4a exon 2 (Fig. 2)
drove broad EGFP expression within the central nervous
system, as well as in mesodermal cells such as muscle fibers
and epithelial cells up to 12 dpf. We thus designated this
sequence as hoxb4a P1 (Fig. 3C).
A further conserved non-coding sequence designated as
CNR11 partially overlaps with hoxb3a exon 2. Exon 2, in
addition to exons 3, 5, and 6, corresponds to one of the four
exons identified in the mouse and a promoter controlling its
transcription has been described (Sham et al., 1992). For this
reason, we tested a 0.7-kb genomic fragment including CNR11
for promoter activity (construct VIa; Fig. 2). The construct
caused EGFP expression in up to 20% of the injected embryos,
and nearly all of them displayed neuronal labeling, indicating
weak but specific promoter activity. No expression was
detected in the hindbrain anterior of r5, and very few embryos
showed labeling within the diencephalon (Table 3, Fig. 3D).
Because this promoter sequence mediates an anterior expres-
sion boundary at r4, it was designated hoxb3a P3. The
existence of a promoter in this genomic position indicates that
a third hoxb3a transcript must exist starting with exon 2. The
Fig. 3. Reporter gene expression driven by hoxb3a and hoxb4a promoter sequences. (A) Construct IV including CNR1 sequences that are located directly upstream of
shared exon 1 (hoxb3a and hoxb4a P2; Figs. 1A and 2) displayed weak basal promoter activity within the trunk in single mesodermal and neuronal cells; larva 72 hpf is
shown. (B) EGFP reporter gene activity driven by hoxb3a P1 (construct IId3b) within the forebrain of a 72-hpf larvae. Combined fluorescent and bright field
illumination. (C) An embryo of 48 hpf injected with the hoxb4a P1 reporter construct (V) is shown. This construct included a 1 kb sequence immediately upstream of
hoxb4a exon 2 (hoxb4a transcript I; Figs. 1A and 2) and displayed strong promoter activity. Mosaic EGFP expression was observed in neuronal, mesodermal, and
epithelial cells throughout the whole embryo. (D) A sequence located within CNR11, directly upstream of hoxb3a exon 2 (Figs. 1A and 2), revealed promoter activity
and drove EGFP expression in the posterior hindbrain derived from r5 through r7 and r8 and spinal cord. Combined fluorescent and bright field illumination is
documented. (E–G) To confirm that the enhancers act through the endogenous hoxb3a/hoxb4a promoters and not through the E1b promoter located 5′ of the EGFP
coding sequence, we removed the Gal4VP16/UAS/E1b cassette from constructs IV (hoxb3a/hoxb4a P2) and VIb (hoxb3a P3-CNR10/CNR11 enhancer). Injection of
these constructs resulted in much lower EGFP levels compared to the Gal4/UAS constructs, resulting in a lower rate of total EGFP expressing embryos and in a lower
rate of neuronal expression (compare in Table 3). Panel E is bright field to panel F. (F) Embryo 24 hpf, injected with control construct IV that has EGFP label within the
spinal cord. (G) Larva 48 hpf injected with control construct VIb. Abbreviations: ov, otic vesicle; r, rhombomere; sc, spinal cord.
32 T. Hadrys et al. / Developmental Biology 297 (2006) 26–43RT-PCR analysis revealed that the only possible exon
composition of a third transcript is exons 2, 3, 5, and 6,
showing that a transcript that contains exon 2 never contains
exon 4. RT-PCR also revealed that exon 5 is always present in
the transcripts (Fig. 1). Again, we verified activity of this
promoter by removing the Gal4/UAS/E1b cassette from the
construct VIb containing hoxb3a P3 and r7 and r8 enhancer
sequences (Fig. 2). Embryos injected with this control
construct displayed neuronal labeling within the hindbrain
derived from r5 to r7 and r8 and within the spinal cord. This
expression pattern corresponded to that observed with VIb
injections (Fig. 6E), but the number of EGFP expressing
embryos was significantly reduced (compare in Table 3) and
the fluorescence was much weaker.
These functionally identified promoter regions were corrob-
orated by computational analyses using the Neural NetworkPromoter Prediction software (Reese, 2001). Within the CNR1
sequence (hoxb3a/hoxb4a P2), upstream of exon 1, the program
indicated, with a high score of 0.99, a potential transcription
start site at position 22701 of the zebrafish hoxba cluster
sequence (database entry number AL645782). For CNR11
(hoxb3a P3), in front of hoxb3a exon 2, two potential
transcription start sites were indicated, one at position bp
37800 (score 0.92) and another at position bp 37851 (score
0.85). Within CNR7 (hoxb4a P1), upstream of hoxb4a exon 2,
the transcription start site was indicated with high score (0.99) at
position bp 33227, whereas three potential start sites/core
promoters were predicted for hoxb3a P1 in front of hoxb3a exon
4 (scores 0.81–0.86). Table 2 summarizes the potential core
promoter sequences and transcriptional start sites. The identi-
fied promoter sequences include, as detected by the MatIn-
spector software (Cartharius et al., 2005), several consensus
Table 2
Potential core promoters and transcription start sites within amplified and functionally analyzed CNRs, respectively, promoter regions
Start End Score Potential promoter sequence
CNR1 674 724 0.99 AGTTAGATCGTAAAAATCGCCCAGGCCACAGACAGATACCCCTTACTGGC
CNR11 104 154 0.92 CGCGTCTATTCAAAAATGCAGGCTTTTCCACAACTTAAATGAATGCATGT
155 205 0.85 CGTGTGGCATCTGTATAAAGCTTGGAATTCTATTGTTGTCACTTTTATTA
hoxb3a P1 283 333 0.86 CTTCTTAATATATAAAAATATCTTTCTTCTTCTTCGGTTTTTTTTTCCAC
531 581 0.86 CCTGGTAATTTAATATATACCGGTAGAGTAAGAGAGGGAGAGAGAAATGG
634 684 0.81 AACCACAGTGAAAAAGACCCGGGGAAAAAACTCTTCAGCTTCCGTCATAG
hoxb4a P1 467 517 0.99 GCGAGTGCATTTAAGAGCCTGGCCAACGCGAACTCCTTGCATCACTTTCC
Start and end positions of the core promoter are related to amplified fragments.
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and homeodomain proteins.
Zebrafish hoxb3a and hoxb4a are expressed in the
differentiating hindbrain
Rhombomeric expression of hoxb3a and hoxb4a at embry-
onic stages was previously described in some detail (Prince et
al., 1998). We have extended this analysis to larval stages to test
whether these genes might also have later functions, for instance
in neuronal cell lineage specification. Whole mount in situ
hybridization analysis revealed that expression of hoxb3a and
hoxb4a within the developing hindbrain is maintained beyond
the stages when rhombomeres are morphologically apparent.
Both genes are still expressed in 4-day-old larvae in regions that
arise from their earlier expression domains (Fig. 4).
For analysis of hoxb3a expression, we used an exon 6 probe
(Fig. 1), as described previously (Prince et al., 1998), which
should, according to our findings, detect all three transcripts.
Hybridization resulted in a strong signal in r5 and r6, and a
weaker signal in r4 and spinal cord up to 48 hpf (Figs. 4A and
B). Later in development, hoxb3a expression was no longer
apparent in the spinal cord, and by 72–96 hpf a strong
expression domain was restricted to the hindbrain region that
arises from r4 to r6 (Fig. 4C and D). Sections revealed that
hoxb3a expressing cells are located close to the ventricular zone
at the level of r5, extending ventrally with two broader
populations close to the midline (Fig. 5G and J; 66 hpf).
The hoxb4a expression pattern was analyzed using a probe
from exon 3 (Fig. 1), previously assigned as exon 2 (Prince et
al., 1998), therefore detecting both transcripts. In situ
hybridization signals in 24 hpf embryos extended from the
spinal cord through the posterior hindbrain with a sharp
border at the boundary of r6/r7 (Fig. 4E) as described before.
Transcripts were cleared from the spinal cord much faster than
from the posterior hindbrain region. After 48 hpf, CNS
expression could not be detected posterior to the hindbrain
(Figs. 4F and G). Hoxb4a expression is, however, present
through 96 hpf and appears to be limited to the r7 and r8
posterior hindbrain region, even when the rhombomere
boundaries are no longer present. Cross sections revealed
that hoxb4a expressing cells are not uniformly distributed.
Hybridization signals were detected mainly in the dorsal half
of the hindbrain with one domain located close to the midline
and two symmetrically located stripes in the lateral hindbrain.We further found that in addition to the expression within the
central nervous system, hoxb4a displays mesodermal expres-
sion in early embryos (Fig. 4H). The gene is expressed within
the somites once they are formed. Somitic expression so far
has been described only for mouse Hoxb4 (Brend et al.,
2003), but as shown here this expression is conserved in the
zebrafish.
Using in situ hybridization probes specific for hoxb3a
transcripts I (exon 4) and II/III (exons 1 and 2), the expression
patterns of the hoxb3amessages were analyzed in embryos of 24
and 48 hpf. The transcripts were found to be differentially
distributed within the developing hindbrain. In detail, transcript I
was detected at hindbrain level r5 and r6 (Figs. 5B, E, H, and K),
whereas transcripts II and III were found to be localized at the
level of r7 and r8, extending into the spinal cord (Figs. 5C, F, O,
and R), suggesting different roles of transcripts I and II/III. As
would be expected, the expression patterns of these transcripts
together correspond to the overall pattern previously detected
with a probe synthesized from exon 6, which contributes to all
hoxb3a transcripts (Figs. 4A–D and Figs. 5A, D, G, J, M, and P).
Identification of hindbrain-specific enhancers that mediate
hoxb3a/hoxb4a expression in r7 and r8
To follow our interest in hoxb3a and hoxb4a function in the
specification of defined neuronal cell types, we focused on
regulation of the genes within the developing hindbrain. Our
goal was to identify specific neuronal enhancers that are able to
drive high-level reporter gene expression in individual neurons.
To identify hindbrain-specific regulatory sequences for hoxb3a
and hoxb4a, we functionally analyzed previously identified
conserved non-coding sequences (Hadrys et al., 2004). We
focussed on genomic sequences downstream of hoxb4a. A
corresponding region has been identified in mouse as region A
and mediates r7- and r8-specific expression for both genes
(Gould et al., 1997, 1998; Whiting et al., 1991). We identified
two conserved non-coding sequences in this genomic region,
designated CNR10 and CNR11. We described above that
CNR11 includes a promoter for the hoxb3a gene that mediates
expression up to r4. Apart from this promoter function, we also
tested the CNR11 containing genomic fragment for enhancer
activity in combination with hoxb4a P1 (CNR7) and hoxb3a/
hoxb4a P2 (CNR1). CNR11 enhanced activity of hoxb3a/
hoxb4a P2 in r7 and r8 (construct Ie; Fig. 2), whereas the
promoter alone showed an anterior expression boundary at r8
Fig. 4. Whole mount in situ hybridization with hoxb3a exon 6 (A–D) and hoxb4a exon 3 (E–H) probe. (A) Hoxb3a transcript distribution in r5 and r6 extending
posterior into the spinal cord in 24 hpf embryos. (B–D) Gene expression proceeds within the hindbrain, strongest on former r4 to r6 level, in 48 hpf (B), 72 hpf (C), and
96 hpf (D) larvae. (E)Hoxb4a is expressed within the spinal cord and in r7 and r8 with a sharp border at the boundary between r6 and r7 in embryos at 24 hpf. (F and G)
Expression domain in later development becomes increasingly confined to the posterior hindbrain in 66 hpf (F) and 72 hpf (G) larvae. (H) Somitic expression of
hoxb4a in early embryos. Abbreviations: hb, hindbrain; r, rhombomere; sc, spinal cord.
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Table 3). The construct mediated expression up to r6, which
corresponds to the anterior expression boundary of hoxb4a
(Table 3, Fig. 6B). Additionally, significant enhancement of
transcriptional activity, compared to CNR1 alone, was also
detected in the spinal cord. CNR11 tested in combination with
hoxb4a P1 (construct Vf; Fig. 2) revealed the same anterior
expression border, but with the difference that the basal activity
of the promoter fragment could not be completely repressed
(Table 3, Fig. 6A). The results showed that CNR11 promoter
function, which is effective through r5 to r8 and posterior,
differs from CNR11 enhancer function, which enhances
expression in r7 and r8.
We further tested a 2.3-kb genomic fragment containing
CNR10 and CNR11 in combination with hoxb3a/hoxb4a P2
(CNR1; construct Ic; Fig. 2). This resulted in a dramatic
enhancement of expression within the posterior hindbrain and
spinal cord (Table 3, Figs. 6C and D). Interestingly, this
enhancer fragment appeared to mediate the complete expression
pattern of hoxb4a, strongly enhancing CNR1 activity with an
anterior shift of its expression boundary up to r6, which is the
anterior limit of endogenous hoxb4a activity (Figs. 6C and D).
We also observed a significant increase in the number of EGFP-
labeled muscle fibers. Somitic expression of hoxb4awas seen in
12 hpf embryos (Fig. 4H), but in later stages mesodermal
expression diminishes as detected by in situ hybridization.
However, EGFP has a long half-life and the EGFP-positive
muscle fibers we observed at 48 hpf may reflect reporter
expression at an earlier stage.
The enhancer function of CNR10 and surrounding sequences
was tested with hoxb3a P3 (CNR11; construct VIb; Fig. 2) byremoving the hoxb3a/hoxb4a P2 sequence from construct Ic.
Interestingly, this genomic fragment mediated principally the
same expression pattern but with an anterior expression
boundary at r4 (Figs. 6D–G), which corresponds to the
endogenous hoxb3a expression boundary that was observed
with the CNR11-only construct (see Table 3). This might
indicate that the enhancer does not contain a repressor sequence
that restricts this promoter activity to r7 and r8. The Gal4/UAS-
amplified EGFP strongly labeled the neurons that expressed the
reporter gene. Axons as well as dendrites in many neurons were
heavily filled with EGFP; in the future, this will allow us to
perform a morphological analysis of neurons expressing hoxb3a
and hoxb4a. Figs. 6H and J illustrate the observed types of
neurons within the posterior hindbrain.
Additional evidence that the region including CNR10 and
CNR11 is a hindbrain r7- and r8-specific enhancer is provided
by a transgenic zebrafish line that has a retroviral YFP insertion
5′ of CNR10. This line was generated in an enhancer detection
screen by insertion of a retroviral vector CLGY into the genome
(Ellingsen et al., 2005). In the construct, a GATA-2 proximal
promoter drives YFP expression when integrated in the genome
within the regulatory domain of an endogenous enhancer. We
mapped the insertion of line CLGY838 to nucleotide position
bp 36200 of the zebrafish hoxba cluster sequence AL645782,
which is about 600 bp downstream of hoxb4a exon 3 (Fig. 2).
This integration site of the reporter construct is in close
proximity to CNR10, which is located about 870 bp down-
stream of this position, and CNR11 about 1720 bp downstream,
suggesting that YFP expression is regulated by these CNR
enhancers. Accordingly, YFP expression is detected in r7 and r8
with a boundary at r6 (Figs. 7A–D). The YFP expression within
Fig. 5. Whole mount in situ hybridization of 24 hpf (A–C) and 48 hpf (D–F) zebrafish embryos using probes specific for hoxb3a transcript I (exon 4; column 2),
transcript II/III (exons 1–3; column 3), and exon 6 that is included in all hoxb3a transcripts (column 1). Transcript I is expressed in r5 and r6 (B and E), whereas
transcript II/III is expressed in r7 and r8 (C and F) and posterior. All three transcripts resemble the known expression pattern of zebrafish hoxb3a (A and D; Prince et al.
1998). In panels G to R, vibratome sections (30 μm) from anterior to posterior through the hindbrain of hybridized 48 hpf embryos are shown. (G, J, M, and P)
Embryos were hybridized with an exon 6 probe; (H, K, N, and Q) embryos were hybridized with an exon 4 probe; (I, L, O, and R) embryos were hybridized with an
exons 1–3 probe. The levels of sections (r5, r6, r7/r8, and spinal cord) are indicated left of each row. Abbreviations: r, rhombomere; sc, spinal cord; ov, otic vesicle.
Arrows point to hindbrain expression domains.
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Table 3
Evaluation of the transient reporter gene studies
Constructs Total E % Tel % D % Mb % Ce/r1 % Hb r2–4 % Hb r5/6 % Hb r7/8 % SC % Nmax E
IId3b hoxb3a P1 20–30 5 5 2 5 2 5 1 400
IV hoxb3ab4a P2 (CNR1) 45 9 4 230
VIa hoxb3a P3 (CNR11) 30 1 8 11 17 3 900
V hoxb4a P1 80 2 5 10 1 3 4 8 13 12 400
IId2 b3P1 + CNR15 50 2 2 2 12 2 12 20 700
IId5 b3P1 + CNR15,14 70 1.4 1.4 17 4.2 14 20 800
IId8 b3P1 + CNR15,14,16 50–90 5 4 5 5 15 10 15 6 550
Ib b4P1 + mouse CNR15 60–80 0.5 0.5 0.5 1 5 2 7.5 6 600
Vf b4P1 + CNR11 60–70 2.5 2.5 4 0.4 2.5 16.5 16.5 20 900
Ie b3b4P2 + CNR11 30–40 3 13 2 650
Ic b3b4P2 + CNR11,10 60 1.5 30 38 59 340
VIb b3P3 + CNR10 60–70 0.5 4 5 15 39 31 35 500
Control1 IV, without Gal4 5 4 2 200
Control 2 VIb, without Gal4 13 2.5 3 6.0 15 500
Percentage of expression in a defined neuronal structure along the a–p axis is related to the total number of EGFP expressing embryos (Total E). All constructs were
expressed at about 10 somite stage. Depending on the construct, Gal4/UAS amplified EGFP expression stayed up to 14 dpf. Abbreviations: Ce, cerebellum; D,
diencephalon; E, numbers of embryos that survived injections; Hb, hindbrain; Mb, midbrain; Nmax, maximal number of neurons observed per embryo; r, rhombomere;
sc, spinal cord; Tel, telencephalon; Total E, percentage of embryos that expressed EGFP related to the numbers of embryos that survived the injections.
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embryonic and larval stages and was observed at least until
26 dpf (Figs. 7H and J). From 7 dpf on expression is also
detected within the spinal cord, extending from the posterior
hindbrain into the trunk and, at low levels, into the tail (Fig. 7E).
YFP expression in the spinal cord is downregulated at 21 dpf in
this line. Sections through hindbrain r7 and r8 of larvae 4 dpf
stained by anti-GFP immunohistochemistry (Fig. 7G) revealed
that hoxb4a expressing cells are distributed in the dorsomedial
half of the hindbrain, extending ventrally, with a few single
ventrolateral cells labeled. In larvae 26 dpf, defined neuronal
populations express YFP within the posterior hindbrain derived
from r7 and r8 (Figs. 7H and J). We analyzed whether the
enhancer trap line recapitulates the normal expression pattern of
hoxb4a by determining whether it also shows the mesodermal
expression that was observed by in situ hybridization (Fig. 4H).
Antibody stains revealed low-intensity expression in the
paraxial mesoderm at spinal cord level (Fig. 7F) at 24 hpf and
higher intensity expression in 32 hpf embryos. From this result,
we conclude that mesodermal expression is activated in the
hoxb4a enhancer trap line, but YFP is expressed at low levels
and probably needs to accumulate within the cells before it
becomes easily detectable. In summary, CLGY838 is able to
recapitulate those aspects of hoxb4a expression that are under
control of CNR10 and CNR11.
Identification of a hindbrain r5- and r6-specific hoxb3a
enhancer
Because hoxb3a is endogenously expressed in r5 and r6 and
weaker in r7 and r8, an expression domain that is not
represented by hoxb3a P3 (CNR11), we asked which
sequences would mediate this r5- and r6-specific expression.
Previously, we found that CNR15, located 1 kb upstream of
hoxb3a P1 and exon 4, corresponds to the mouse Hoxb3 r5
enhancer sequence (Manzanares et al., 1997; Manzanares et al.,
2002), and that it includes sequences homologous to bindingmotifs for Krox-20 (KroxB), Kreisler, and Hox/PBX transcrip-
tion factors (Hadrys et al., 2004). These transcription factors
have been reported to control mouse Hoxb3 expression in r5. It
also became obvious that zebrafish CNR15 is very similar to
an enhancer that controls activity of the mouse Hoxa3 gene in
r5 and r6 (Hadrys et al., 2004). Here, we have extended this
study to functionally test a genomic fragment including
CNR15 and hoxb3a P1 (construct IId2; Fig. 2). Injection of
the plasmid resulted in enhanced EGFP expression within the
hindbrain r5 and r6 region and in the spinal cord, in
comparison to hoxb3a P1 (Table 3, Figs. 8B and C). When
CNR14, located further upstream, was added into the construct
(construct IId5; Fig. 2), no differences were observed (Table 3).
The injection results of IId2 and IId5 are summarized in Fig. 8.
An anterior expression border in the hindbrain was observed at
the level of r4, directly anterior to the otic vesicle (Figs. 8B–
H). Expression was first detected at 14 hpf in 50% of the
embryos injected. About 12% of these embryos displayed
expression in up to 20 neurons in clonal strings (Kimmel et al.,
1994) within the neural tube on the first day and from 27 hpf
onwards in single neurons (Figs. 8C–E). Different types of
EGFP expressing neurons, according to their dendritic and
axonal projections, could be observed in r5 and r6 (illustrated
in Fig. 8J). This expression system will be a tool to classify the
neurons morphologically to investigate cell-type-specific
function of hoxb3a in r5 and r6.
To determine a putative function of CNR14 independent of
CNR15, the latter was excluded from the reporter construct.
Compared to hoxb3a P1 alone, CNR14 did not mediate tissue-
specific enhancement of reporter EGFP expression (data not
shown). CNR16 assayed in combination with the CNR15/P1
(Fig. 2) did not result in enhancement of brain-specific
expression, although it did increase the number of non-neural
expressing cells slightly (data not shown). Interestingly, when
the same fragment was assayed in the context of CNR14
(construct IId8; Fig. 2), expression within the central nervous
system was slightly enhanced compared to the CNR15/P1
Fig. 6. The regulatory function of the genome region that includes CNR10 and CNR11 was investigated. (A) CNR11 in the context of hoxb4a P1 (construct Vf; Fig. 2)
repressed the broad activity of the hoxb4a P1 fragment and enhanced r7 and r8 EGFP expression. Clear neural expression was first detected at 24 hpf in single neurons
within hindbrain r7, r8, and spinal cord. A 3-dpf larva is shown that has EGFP label in r7 and r8 as well as in single muscle fibers. (B) CNR11 acts also as a neural
enhancer in r7 and r8 when combined with hoxb3a/hoxb4a P2 (CNR1) that alone mediates only very weak transcriptional activity within the spinal cord (compare Fig.
3A, Table 3). (C and D) A 2.3-kb genome fragment that included CNR10 and CNR11 (Fig. 2) in combination with hoxb3a/hoxb4a P2 (CNR1) drove strong EGFP
expression up to the r6/r7 boundary within r7 and r8 and within the spinal cord. Also muscle fibers were labeled. (E) When CNR1 was excluded from the construct and
the hoxb3a transcript III promoter sequence that is included in CNR11 (hoxb3a P3) was used to drive Gal4 expression, the anterior EGFP expression boundary was
moved anteriorly. EGFP-labeled neurons were observed in r5 and r6, but never in r4. (F and G) 30-μm vibratome sections through embryos that expressed the CNR10/
11 reporter gene construct and were stained with an anti GFP antibody, on level of former r5 (F), and on former r7 level (G). (H) Schematic illustration of the types of
neurons that were observed by injection of the hoxb3a/hoxb4a P2-CNR10/CNR11 reporter construct (Ic). (J) Types of neurons that were observed with the CNR10/
CNR11 (hoxb3a P3) construct (VIb). Abbreviations: n, neuron; ov, otic vesicle; r, rhombomere; s, somite.
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EGFP expression in the epithelium and mesoderm (Fig. 8K),
from about15 hpf onwards. These results suggest that the
CNR14 and CNR16 containing sequences might function as
general transcriptional enhancers, without mediating tissue
specificity per se.
To investigate whether the function of the mouse Hoxb3 r5
enhancer is conserved in zebrafish, we cloned mouse CNR15
and flanking sequences and tested this murine sequence in the
context of a zebrafish promoter. As Manzanares and colleagues
(2002) used the murine Hoxb4 promoter for their analysis, we
assayed mouse CNR15 in combination with the zebrafish
hoxb4a promoter 1. Injection of this reporter gene construct
revealed that mouse CNR15 was not able to enhance or restrict
expression to r5 in zebrafish. However, EGFP expressing clonal
strings were observed throughout the spinal cord up to the
midbrain (tectum) (Table 3, Fig. 8M). We conclude that despitehomology between the zebrafish and mouse regulatory
elements, the murine Hoxb3 CNS enhancer cannot functionally
substitute for the zebrafish hoxb3a CNS enhancer.
Discussion
Our study used a comparative genomic approach to detect
regions of homology within non-coding sequences and
efficiently identified gene regulatory elements. The analysis
of the hoxb3a/hoxb4a gene loci uncovered nested gene
structures including sharing of the first exon of both genes,
which is located far upstream, close to hoxb5a. A promoter
sequence 5′ adjacent of exon 1 most likely acts as a master
promoter initiating transcription of a pre-mRNA that contains
all hoxb3a and hoxb4a exons and is subsequently spliced into
the individual transcripts. It has been suggested that the
clustered organization of homeobox (and Hox) genes has
Fig. 7. Zebrafish line CLGY838 with viral-YFP insertion 870 bp upstream of CNR10 (compare Fig. 2). Expression of YFP becomes progressively stronger during
zebrafish development as shown here (A, B) for 32 hpf embryos, (C) 4 dpf, and (D) 10 dpf larvae. YFP expression domain includes r7 and r8 extending into the
posterior r6, here forming a diffuse boundary. (E) Spinal cord expression in 17-dpf larva from dorsal view. (F) Antibody stained 32 hpf embryo reveals r7 and r8
expression and low YFP levels within the somitic mesoderm. (G) Coronal section through hindbrain r7 of 4-day-old larva stained with an antibody against GFP. YFP
expressing cells are localized in the dorsomedial region, note also single neurons that are stained in the ventral area (arrows). (H and J) Sagittal sections through 26 dpf
larva stained by anti-GFP immunohistochemistry. (H) Section through the lateral hindbrain. Blue arrows point to neuronal cell clusters and single cells. (J) Section
through the medial hindbrain. Hoxb4a expressing cells in the dorsomedial hindbrain form a stripe pattern (blue arrows) suggesting streams of migrating cells.
Abbreviations: r, rhombomere; s, somite; sc, spinal cord.
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master promoters and shared enhancers (Duboule, 1998; Wright
et al., 1989), we propose this to be a general principle to ensure
overlapping expression of Hox genes. Scrutinizing Hox cluster
genomic sequences with bioinformatic tools in combination
with EST database screening and functional verification of the
putative promoter sequences in transient or transgenic expres-
sion assays (Gomez-Skarmeta et al., 2006) will allow this
hypothesis to be further tested.
Hoxb3a and hoxb4a are regulated at the transcriptional and
post-transcriptional levels during embryonic development
We previously demonstrated that the hoxb3a gene consists
of six exons extending over approximately 37 kb, with its first
exon located far upstream of hoxb4a (Hadrys et al., 2004).
These six exons give rise to at least three transcripts that differ
in their exon composition, as verified by RT-PCR analyses
(Figs. 1B and C), by whole mount in situ hybridization (Fig.
5), and supported by promoter studies (Figs. 3A, B, and D). We
showed that the first exon of hoxb3a (transcript II) is also the
first exon in a newly identified hoxb4a transcript (II) and
postulate that both messages are part of the same pre-mRNA
transcript. In a position immediately 5′ of exon 1, a conserved
non-coding sequence, CNR1 (Fig. 2), was detected that
showed promoter activity in individual spinal cord neurons
and in single cells of mesodermal origin within the trunk. We
assume that this sequence is a weak basal promoter, possiblywith neural-specific function, because the EGFP label observed
in muscle fibers might result from ectopic expression, as often
described in transient reporter assays in zebrafish. Our data
suggest that CNR1 is a master promoter initiating the
transcription of a pre-mRNA that starts with exon 1 and
covers the far downstream located exon 6 as well as all hoxb4a
exons located in between (Fig. 1). This message would then be
spliced into the two different Hox gene transcripts (hoxb3a
transcript II and hoxb4a transcript II) that we verified by PCR
analysis. To date, such common precursor mRNAs appear to
be rather rare in eucaryotes, but a similar situation was
described for human hoxc6–hoxc4 genes (Acampora et al.,
1989; Simeone et al., 1988), where a master promoter directs
the transcription of the three Hox genes arranged over a region
of approximately 35 kb of genomic DNA. It is not yet known
whether a similar Hoxb3/Hoxb4 transcription unit is initiated
from a distal master promoter in mice. However, because we
found that CNR1 is highly conserved between zebrafish,
pufferfish, mouse, and human with a sequence identity greater
86% over more than 200 bp, it will be interesting to investigate
this transcriptional mechanism in mammalian genomes. We
propose that the function of promoter and exon sharing is to
ensure overlapping tissue-specific expression of hoxb3a and
hoxb4a transcripts II. Reporter gene expression revealed that
CNR1 (hoxb3a/hoxb4a P2) directs the activity of both genes in
the spinal cord and possibly, in combination with an enhancer
(CNR11), also in r7 and r8 (Figs. 6B, D, and E) at certain
developmental stages.
Fig. 8. (A to J) Sequences upstream of hoxb3a exon 4 (part of transcript I) were tested for enhancer activity in combination with the endogenous hoxb3a P1. Construct
IId2 included 1.7 kb upstream of exon 4 and contained the CNR15 (Fig. 2). This fragment was capable of directing strong mosaic EGFP expression within the spinal
cord and hindbrain up to the r4/r5 boundary. When CNR14 was included into the construct (IId5), the same expression pattern was observed. Labeled embryos shown
in pictures A to J are representative for the types of EGFP expressing neurons that were observed with both constructs. (A, B) Embryo 30 hpf, dorsal view. (C) Embryo
27 hpf, sagittal view. (D) EGFP-labeled neuron in r7 of a larva at 2 dpf. (E) EGFP-labeled spinal cord neuron with its axons surrounding and innervating the yolk.
(F–H) IId5-injected embryos stained by anti-GFP immunohistochemistry. (F) 10 somite stage (14 hfp) embryo with EGFP expression in clonal strings within r5 and
r6 and posterior. (G) 20 somite stage (19 hpf) embryo with r5 and r6 and muscle fiber label. (H) 24 hpf embryo displaying strong label in clonal strings within the
spinal cord. (J) Illustration of the types of neurons that were EGFP labeled. (K) CNR14 was analyzed together with a CNR15/CNR16 fragment (IId8; Fig. 2). (L andM)
Activity of the mouse CNR15 enhancer in clonal strings within the anlage of the cerebellum is shown. This enhancer mediated activity within the central nervous
system, but was not able to set an anterior expression boundary within the hindbrain. (N) Schematic illustration of the structural similarities of zebrafish hoxb3a r5–r6
enhancer (CNR15) with mouse Hoxa3 r5–r6 and mouse Hoxb3 r5 enhancer sequences (compare Manzanares et al., 1999; Hadrys et al., 2004). Abbreviations: ce,
cerebellum; ec, epithelial cells; hb, hindbrain; mb, midbrain; ov, otic vesicle; r, rhombomere; sc, spinal cord.
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hoxb3a/hoxb4a P2 contains a micro-RNA sequence, which
could be involved in post-transcriptional regulation of the
genes. Micro-RNAs are a new class of regulatory molecules and
some control the activity of Hox genes by translational
repression or degradation of the mRNA (Bartel, 2004;
Mansfield et al., 2004; Yekta et al., 2004). CNR6, located
downstream of CNR1 (Fig. 2), was shown to include micro-
RNA miR-10b (Tanzer et al., 2005). MiR-10b in zebrafish is
expressed early in development within the posterior trunk and
in later development, at 72 hpf, within hindbrain r7 and r8 and
throughout the spinal cord (for review Pearson et al., 2005;
Wienholds et al., 2005). This pattern is consistent with the
domain of CNR1 promoter (construct IV; Table 3) and
CNR10/CNR11 enhancer (construct Ic, Table 3) activity, a
fact that strongly supports our hypothesis. Of relevant interest,
mouse Hoxb4 transcripts and Hoxb4 protein are not identicallydistributed within the developing spinal cord indicating a
regulation of Hoxb4 function through a translational mecha-
nism (Brend et al., 2003). MiR-10b (CNR6) and CNR1 are
also conserved in the duplicated hoxbb cluster, even though
the hoxb4a/hoxb3a/hoxb2a homologous genes are missing
from this complex, and so appears to be under evolutionary
pressure.
The long precursor mRNA further gives rise to hoxb4a
transcript II that excludes, compared to transcript I, hoxb4a
exon 2. The reading frame results in an N-terminal truncated
protein, whereas the message that is transcribed from the
proximal hoxb4a promoter (P1, transcript I) encodes the
previously identified hoxb4a protein containing exon 2 and 3
sequences. Both proteins have the same homeodomain and thus
binding specificity, but the fact that transcript II protein lacks
the N-terminus, which may contain regulatory motifs for co-
factor binding, suggests different functions of the transcription
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ical diversity in the vertebrate lineage (Galant and Carroll,
2002). As regards hoxb3a, we previously identified exons 2, 3,
and 4 as new exon sequences in zebrafish and found that they
are part of two transcripts. Whereas sequences homologous to
exons 2 and 3 were identified previously in the mouse (Sham et
al., 1992), the sequence of exon 4 as start of transcript I has
never been described before. We functionally identified hoxb3a
promoter 1 (P1), which controls transcription of exons 4–6
(Table 2, Fig. 3B), and revealed that distribution of transcript I is
restricted to r5- and r6-derived hindbrain regions (Figs. 5B and
E). When hoxb3a P1 was combined in a longer fragment
together with CNR15 in the reporter gene construct, EGFP
expression was much more enhanced and restricted to r5 and
posterior (Table 2, Fig. 8). In addition to hoxb3a P2 (CNR1)
controlling the synthesis of hoxb3a transcript II, as described
above, we identified a further promoter that should drive the
expression of a third transcript containing exons 2, 3, 5, and 6
(Figs. 1 and 3D).Hoxb3a P3 is located 5′ adjacent of exon 2 and
is functionally conserved in the mouse (Sham et al., 1992).
Because all exons of hoxb3a transcript III are also included in
hoxb3a transcript II, which we found to be expressed in r7 and
r8 (Figs. 5C and F), we suggest that transcripts of type III might
be also synthesized in hindbrain r7 and r8. In contrast, the
transient expression studies showed activity of hoxb3a P3
(CNR11; Fig. 6E) strongest in r7 and r8, but also in r5 and r6
derived hindbrain regions. It is possible that distribution of
hoxb3a transcript II/III in r5 and r6 is below levels that are
detectable by in situ hybridization. Also, important repressor
elements could be missing in the construct because the actual
enhancer driving expression in r5 and r6 is located upstream of
exon 4 and most likely acts on synthesis of transcript I instead of
transcript III. The three hoxb3a transcripts all encode the same
protein, but transcripts I (r5 and r6; Figs. 5B and E) and II/III
(r7 and r8; Figs. 5C and F) do not overlap in their hindbrain
expression domains. Thus, the hoxb3a transcription factors
encoded by the transcripts should have the same target
specificity and function in different rhombomeres. Possibly,
the underlying regulatory mechanism, namely, the differential
use of three promoters, control the protein's temporal and
tissue-specific distribution in different rhombomeres.
Identification of hoxb3a and hoxb4a neural enhancers
We isolated neural enhancers, one of which acts on hoxb3a
in r5 and r6, and the other likely on both hoxb3a and hoxb4a, to
mediate expression in r7 and r8, where the expression domains
of both genes are overlapping. In comparative genome
analyses, we identified the r7 and r8 enhancer candidate region
as two highly conserved sequences, which we designated as
CNR10 and CNR11 (Hadrys et al., 2004). A corresponding
region has been described in mice as a r7–r8 enhancer, called
region A (Whiting et al., 1991). This region was functionally
analyzed in more detail by Gould and colleagues (Gould et al.,
1997, 1998). In transgenic analyses, it was shown that the
conserved region homologous to CNR11 (CR3) mediates
transcriptional activation by multiple Hox genes, includingHoxb4, Hoxd4, and Hoxb5 (Gould et al., 1997) and that this
conserved sequence element is sufficient to direct neural
expression of Hoxb4 (and also Hoxb3) in r7 and r8 (Gould et
al., 1998). The function for a second conserved sequence within
region A (CR2), which is homologous to CNR10, was not
resolved. We have shown here that the CNR11 enhancer is
functionally conserved in zebrafish because a fragment
including CNR11 was able to act on hoxb4a promoter (P1)
and also on the master promoter CNR1 to specifically enhance
expression in r7 and r8 (compare Table 2 constructs V/Vf and
IV/Ic). However, the reporter expression in r7 and r8 was
relatively weak compared to the 2.3-kb enhancer fragment that
included both conserved non-coding regions, CNR10 and
CNR11 (Figs. 6D and E), indicating that CNR10 and CNR11
might act synergistically, resulting in strong enhancer activity
within the posterior hindbrain. From the study presented here,
we conclude that the CNR10/CNR11 enhancer can recapitulate
the complete neural expression pattern of hoxb4a in the context
of endogenous hoxb4a promoters. This result is confirmed by
analysis of an enhancer trap transgenic line, which has a viral
GATA2 promoter/YFP cDNA insertion directly upstream of
CNR10 and that expresses YFP within the posterior hindbrain.
The YFP pattern corresponds to the endogenous hoxb4a
expression pattern (Fig. 4).
We functionally identified another enhancer region, contain-
ing CNR15, and specific for hoxb3a. This sequence, in
combination with the endogenous hoxb3a transcript I promoter,
generated an anterior expression limit at the boundary between
r4 and r5, with a higher number of cells labeled in r5 and r6
relative to the posterior rhombomeres (Fig. 8). Thus, this
hoxb3a enhancer acts on hoxb3a P1 to control expression of
transcript I in r5 and r6 (Fig. 2 and Figs. 5B and E). This is an
interesting finding in view of the regulation of Hoxb3 in the
mouse. Previously, (Hadrys et al., 2004), we identified CNR15
as a sequence corresponding to the mouse Hoxb3 r5 enhancer
(Manzanares et al., 1997, 2002), but also with very high
similarity to an enhancer controlling activity of mouse Hoxa3 in
r5 and r6 (Manzanares et al., 1999, 2001). We also found no
evidence for a sequence corresponding to the mouse Hoxb3 r6
enhancer (Kwan et al., 2001; Yau et al., 2002) and discussed
that the upstream located CNR14 might convey r6 enhancer
function in zebrafish instead. CNR14 contains a Hox/Pbx
consensus binding site and seemed a likely candidate to be
tested for enhancer function. However, as shown here, this
region appears not to be of specific regulatory importance. Our
data point rather to the fact that zebrafish hoxb3a is regulated
similarly to the mouse Hoxa3 gene, reflecting their shared
descent from a single ancestral paralog group 3 gene. Despite
some similarities in hoxb3a/hoxb4a gene regulation in mouse
and zebrafish, however, a mouse genomic fragment containing
CNR15 did not mediate an anterior expression boundary at r4,
even though there was a slight enhancement in r5 and r6
expression (Table 2). In summary, we have functionally
identified two zebrafish neural enhancers (CNR15 and
CNR10/CNR11 containing genome fragments) that set anterior
expression limits of hoxb3a and hoxb4a. In this context, the
reporter gene data do not match the known expression data
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regulatory elements were also active within the spinal cord.
One explanation could be ectopic expression of the transgenes
as previously observed for transient transgenics or de-repressed
promoter activities (Dickmeis et al., 2004; Müller et al., 1999).
However, the specific expression enhancement within the spinal
cord through the CNR10/CNR11 enhancer fragment (constructs
Ic and VIb; Table 2) suggests that the activity of hoxb3a and
hoxb4a reporter constructs in the spinal cord recapitulates
endogenous low-level expression, which was previously not
detected by whole mount in situ hybridizations, but that is
visible in the reporter gene assays due to amplification through
the Gal4/UAS system. This assumption is also supported by
analysis of the hoxb4a-YFP transgenic fish line, which
expresses YFP within the spinal cord progressing from 7 dpf
on (Fig. 7). However, the reporter gene expression in our
transient experiments starts earlier, and it is possible that
expression in early stages could be below the detection level for
YFP. This possibility is supported by the fact that the YFP
signal in the spinal cord of the transgenic line develops very
slowly, suggesting that the protein needs to accumulate within
the cells before it can be detected.
Some enhancer constructs also directed expression anterior
to the endogenous hindbrain expression domains at very low
frequencies (Table 3). We interpret this as ectopic or basal
activity of the promoter, which may result from missing
repressor sequences. We also observed a general EGFP
expression enhancement when CNR14 and CNR16 were
combined in the constructs as this resulted in strong
mesodermal and ectodermal label throughout the whole
embryo. It is therefore possible that both regions could have
more common functions in enhancing promoter/enhancer
activities of several genes in the cluster. Taken together, our
data show that several conserved non-coding sequences
surrounding the hoxb3a and hoxb4a genes correlate with
specific enhancers and/or promoters, and that the transient
transgenic approach in zebrafish is useful to rapidly reveal
their specificities. That some of the CNRs may have no
specific function is in line with data that describe that only
63% of the conserved elements tested were found to modulate
tissue-specific expression in transient transgenesis (Shin et al.,
2005).
Hoxb3a and hoxb4a likely have roles in cell lineage
specification of hindbrain interneurons
Zebrafish hoxb3a and hoxb4a were previously described to
be expressed in overlapping domains in the posterior hindbrain
of embryos up to 30 hpf with an anterior expression boundary at
r4 and r6, respectively (Prince et al., 1998). We revealed that
both genes are still expressed at 5 dpf in distinct cell populations
within the differentiating hindbrain in those regions that arose
from their earlier rhombomeric expression domains (Fig. 4,
Figs. 5G, J, M, and P, and data not shown). This becomes also
obvious in the hoxb4a enhancer trap line, which has YFP-
labeled neurons up to 26 dpf (Fig. 7G and data not shown).
Hoxb3a continues to have a more anterior expression domainextending anterior to a region derived from r4 whereas hoxb4a
is expressed in the most posterior part of the hindbrain, where it
overlaps with hoxb3a. According to observations of transient
transgenic zebrafish larvae and the hoxb4a-YFP enhancer trap
line, both genes may also be expressed in defined neuronal
populations within the spinal cord.
In situ hybridization and transgenic data suggest that
hoxb3a and hoxb4a may specify neuronal cell identities and
may also have later functions in differentiating and differen-
tiated neuronal populations. Some Hox genes have been
found to function in defining neuronal phenotypes within
hindbrain and spinal cord (Dasen et al., 2005; Gaufo et al.,
2003, 2004), and potential roles of hoxb3a and hoxb4a could
include the specification of interneuron populations with
distinct morphological and functional phenotypes in r5
through r7 and r8. The transient reporter gene expression
data support this hypothesis. All constructs injected continued
to drive EGFP expression at stages later than ten days post-
fertilization, suggesting that promoter/enhancer activity regu-
late the genes during hindbrain differentiation processes,
although we know that EGFP, once synthesized, remains
active within the cells for about 2 days. Further in situ
hybridization analyses will shed light on the question of
which transcripts are still present in juvenile and adult fish.
We are currently analyzing the YFP expressing cell types and
the neurons labeled through transient reporter gene expression
to identify morphologically the neuronal phenotypes that are
expressing hoxb3a and hoxb4a.
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